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Although the primary mechanism of eukaryotic
messenger RNA decay is exoribonucleolytic
degradation in the 50-to-30 orientation, it has
beenwidely accepted thatBacteria can only de-
grade RNAs with the opposite polarity, i.e. 30 to
50. Here we show that maturation of the 50 side
of Bacillus subtilis 16S ribosomal RNA occurs
via a 50-to-30 exonucleolytic pathway, catalyzed
by the widely distributed essential ribonuclease
RNase J1. The presence of a 50-to-30 exoribonu-
clease activity inB. subtilis suggested an expla-
nation for the phenomenon whereby mRNAs in
this organism are stabilized for great distances
downstream of ‘‘roadblocks’’ such as stalled
ribosomes or stable secondary structures,
whereas upstream sequences are never de-
tected. We show that a 30S ribosomal subunit
bound to a Shine Dalgarno-like element (Stab-
SD) in the cryIIIA mRNA blocks exonucleolytic
progression of RNase J1, accounting for the
stabilizing effect of this element in vivo.
INTRODUCTION
Most of what we know of the pathways of messenger RNA
(mRNA) degradation in Bacteria comes from studies done
in Escherichia coli. RNA decay in this organism is initiated
primarily via endonucleolytic cleavages, in most cases
performed by the essential ribonuclease RNase E, fol-
lowed by exonucleolytic degradation of the resulting frag-
ments in the 30-to-50 direction by enzymes such as RNase
II, RNase R, and PNPase (for recent review, see Deutscher
[2006]). Because the major exoribonucleases have diffi-
culty degrading RNAs in the 2–5 nucleotide (nt) range, an-
other essential enzyme, known as oligoribonuclease, is
required for the conversion of these end products into
mononucleotides (Ghosh and Deutscher, 1999).The most extensively studied model system for eukary-
otic mRNA degradation has been the baker’s yeast,
Saccharomyces cerevisiae (for review, see Parker and
Song [2004]). In this organism and in other eukaryotes,
mRNA decay is thought to be primarily catalyzed by the
50-to-30 exoribonuclease Xrn1 following removal of the
poly(A) tail and the protective methyl-guanosine cap
(mG) structure from the 50 end of the RNA (Muhlrad
et al., 1994). Degradation of deadenylated mRNAs can
also be catalyzed in the opposite orientation by the exo-
some, a multisubunit ring-shaped complex that contains
multiple homologs of bacterial 30-to-50 exoribonucleases
(Anderson and Parker, 1998; Lorentzen et al., 2005;Mitch-
ell et al., 1997). Finally, endonucleases have been impli-
cated in the initiation of degradation of some specific
RNAs and in the process of RNA interference (Lee et al.,
2005; Liu et al., 2004).
Largely because of the lack of mG-capped RNAs and
Xrn1 homologs in Bacteria (Zuo and Deutscher, 2001),
but also because of the weight given to work done in
E. coli, it is commonly assumed thatBacteriado not possess
an enzyme capable of exonucleolytically degrading RNAs
in the 50-to-30 orientation (Bechhofer, 1993; Belasco,
1993; Deana and Belasco, 2005). Indeed, this is some-
times cited as a distinguishing feature of bacterial and eu-
karyotic mRNA decay (Carpousis, 2002; Deutscher,
2006). However, it was clear from the moment of comple-
tion of the sequences of the E. coli andBacillus subtilis ge-
nomes that these two organisms possessed quite differ-
ent armories of ribonucleases (Condon and Putzer,
2002) and therefore potentially different strategies for
RNA degradation. Neither of the two key essential en-
zymes in E. coli, RNase E or oligoribonuclease, is present
in B. subtilis, for example. Furthermore, obstacles such as
secondary structures, bound proteins, or stalled ribo-
somes near the 50 end can have strong stabilizing effects
onmany kilobases of downstreamRNA inB. subtilis, while
the upstream fragment is unstable (Agaisse and Lereclus,
1996; Bechhofer and Dubnau, 1987; Glatz et al., 1996;
Hambraeus et al., 2002). RNAs with similar obstacles are
rapidly degraded in E. coli (Joyce and Dreyfus, 1998).Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc. 681
This suggested that the primary enzyme responsible for
the rate-limiting step in mRNA degradation in B. subtilis,
whether endonuclease or exonuclease, travels along the
mRNA in a 50-to-30 direction (Condon, 2003). Here we
show that the recently identified endoribonuclease RNase
J1 also has 50-to-30 exoribonuclease activity on both ribo-
somal RNA precursors and messenger RNA in B. subtilis.
Blocking exonucleolytic progress of RNase J1 by a 30S
ribosomal subunit bound to the cryIIIA mRNA can explain
the effect of this well-characterized 50 stabilizer on the
abundance of this mRNA in B. subtilis.
RESULTS
Maturation of the 50 End of B. subtilis 16S rRNA
In Vivo Has Exonucleolytic Characteristics
We have been studying maturation of ribosomal RNA
(rRNA) in B. subtilis with the ultimate objective of identify-
ing enzymes involved in mRNA decay. Although it was
once thought that enzymes were only involved in one pro-
cess or the other, studies in E. coli have shown that en-
zymes such as RNase E, RNase G, RNase III, and RNase
R have both mRNA and rRNA substrates (for review, see
Deutscher, [2006]). Depletion of the ykqC gene product
in B. subtilis cells leads to an accumulation of four major
16S rRNA precursors (Britton et al., 2007). The two smaller
precursor species correspond to processing intermedi-
ates from the rrnA,G, H, I, J, andW rRNA operons, gener-
ated by a predicted cleavage by RNase III 76 nts upstream
of the mature 50 end of 16S rRNA (M[0]) and by an uniden-
tified enzyme at +38 (Figures 1A and 1B). The two larger
species correspond to the equivalent intermediates de-
rived from transcripts of rrnB, D, E, and O, which are 64
nts longer due to an insertion just upstream of the mature
16S sequence. The ykqC gene encodes an essential ribo-
nuclease that has been shown to endonucleolytically
cleave the 50 untranslated leader of the B. subtilis thrS
mRNA (Even et al., 2005). The enzyme was renamed
RNase J1 and its gene rnjA. An increase in global mRNA
stability upon depletion of RNase J1 in the absence of
its paralog RNase J2, coupled with an overlap in cleavage
specificity with RNase E and sensitivity to the phosphory-
lation state of the 50 end of themRNA led to the suggestion
that RNase J1 was the functional equivalent of RNase E in
B. subtilis. Although the study by Even et al. (2005) would
suggest that RNase J1-mediated maturation of the 50 end
of 16S rRNA should be via endonucleolytic cleavage (Even
et al., 2005), we were unable to detect a 50 cleavage prod-
uct by northern blot (data not shown). In addition, a close
examination of the products of a primer extension assay
performed on total RNA from a strain depleted of RNase
J1 (but not completely lacking it, as judged by the residual
maturation of the 50 end of 16S rRNA), revealed several mi-
nor species between +76 and M(0). Many of these minor
species differed in size by only one nucleotide (Figure 1B),
a pattern that is more characteristic of exonucleolytic deg-
radation than endonucleolytic cleavages. Depletion of
RNase J1 in cells also lacking RNase J2 does not exacer-682 Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc.bate the effect on 16S rRNA maturation (Britton et al.,
2007), suggesting that RNase J1 is the primary enzyme re-
sponsible for this phenomenon.
RNase J1 Progressively Shortens 16S rRNA +38
Precursors In Vitro
To determine whether the degradation pattern observed
in vivo was a direct result of RNase J1 enzymatic activity,
we purified the native enzyme fromB. subtilis and assayed
its ability to process 16S rRNA precursors in vitro. 16S
rRNA precursors beginning at nt +38 and ending at its ma-
ture 30 end were prepared by in vitro transcription using T7
RNA polymerase. This substrate was identical in se-
quence to the natural +38 precursor except for three G-
residues added to the 50 end that come from the T7 pro-
moter sequence. Unlabeled +38 precursor was incubated
with RNase J1 for different times ranging from 30 s to 1 hr,
and the products were analyzed by primer extension as-
say. At longer reaction times in the presence of RNase J1,
several primer extension products accumulated that cre-
ated a ladder pattern similar to what we had observed in
vivo and more typical of exonucleolytic than endonucleo-
lytic digestion (Figure 1C). RNase J1 bearing a mutation
(His76 to Ala) in its active site that abolishes 16S rRNA pro-
cessing activity in vivo (Britton et al., 2007) did not produce
this ladder pattern in vitro, indicating that this is a bona fide
activity of RNase J1 rather than a contaminant in the pro-
tein preparation. Since the cDNAs all have the same 30 end
determined by the site of oligonucleotide priming, exonu-
cleolytic generation of these products would have to be in
the 50-to-30 orientation. Curiously, purified RNase J1 did
not stop at the natural M(0) site of 16S rRNA maturation
observed in vivo, suggesting that its progress must be
blocked by a ribosomal protein or some other factor for
accurate 16S 50 end formation in the cell.
RNase J1 Digestion of Pre-16S rRNA Generates
Mononucleotide Products
The characterizing feature of exonucleolytic versus endo-
nucleolytic degradation is the generation of mononucleo-
tide products. We therefore synthesized uniformly labeled
+38 16S precursor RNA using aP32-UTP and performed
a kinetic analysis of its degradation with purified RNase
J1. The reactionmixtures were loaded directly on 20%de-
naturing polyacrylamide gels, permitting the detection of
mononucleotides (Oussenko et al., 2002). The primary
product of wild-type RNase J1 was radiolabeled uridine
monophosphate (UMP), consistent with exonucleolytic
degradation, while the H76A mutant had no exoribonu-
clease activity (Figure 2). At longer times, purified RNase
J1 degraded the 16S precursor RNA almost to comple-
tion, without a significant production of intermediates,
suggesting that it is a processive enzyme and confirming
that its arrest at the mature 50 end of 16S rRNA is due to
some accessory factor that inhibits its progress. These ex-
periments would imply that RNase J1 is capable of acting
both as an endonuclease (Even et al., 2005) and an exonu-
clease. A precedent for an enzyme with both exonuclease
Figure 1. Analysis of 16S rRNA Precursors in RNase J1-Depleted Strains
(A) Schematic ofB. subtilis 16S rRNA processing sites. The sites of 16S rRNAmaturation by RNase III (III), an unknown RNase (X), RNase J1 (J1) at the
mature 50 end M(0), and a second unknown RNase (Y) at the mature 30 end of 16S rRNA are shown. The position of oligonucleotide CC058 used for
primer-extension assays is also indicated. A 64 nt insertion is observed just upstream of M(0) in operons rrnB, D, E, and O.
(B) Primer-extension analysis of total RNA from RNase J1-sufficient (+IPTG) and RNase J1-depleted (IPTG) cells expressing the enzyme under con-
trol of the Pspac IPTG-dependent promoter. A sequence reaction of a cloned rrnW 16S rRNA gene primedwith the same oligo was used to identify the
50 ends of the precursor species. The sequence reaction is labeled as its complement to allow direct reading. The mature 50 end of 16S rRNA is in-
dicated as M(0) and the major precursor species (+38, +76, and so forth) according to the number of extra nucleotides from this position. Minor pre-
cursor species are indicated by tick marks.
(C) Kinetic analysis of RNase J1 processing of unlabeled +38 16S rRNA precursor in vitro revealed by primer extension assay. 0.1 pmol RNA was
incubated with 0.6 mg native RNase J1 for the time indicated above the autoradiogram and subjected to primer-extension assay using oligonucleotide
CC058. The position of theM(0) processing site seen in vivo is indicated. A control reaction was performed with the RNase J1 H76Amutant for 60min
at 37C.activity and endonuclease activity exists within the family
DNases. The Artemis protein, a member of the same met-
allo-b-lactamase family as RNase J1, acts as a DNA 50-to-
30 exonuclease in isolation and as an endonuclease in the
presence of DNA-PKCS, a DNA-dependent protein kinase
(Ma et al., 2002). ThemRNA cleavage and polyadenylation
specificity factor, CPSF-73, another of the metallo-b-lac-
tamases, is also suspected of having both endonuclease
and 50-to-30 exonuclease activity (Dominski et al., 2005),
although this latter activity has not yet been directly dem-
onstrated.Degradation of 50- and 30-Labeled Synthetic RNAs
by RNase J1 Suggests Decay Occurs
in the 50-to-30 Orientation
We performed a number of experiments to test the sus-
pected 50-to-30 orientation of exonucleolytic degradation
by RNase J1. We first examined the degradation of a 20
nt synthetic RNA (pUGGUGGUGGAUCCCGGGAUC) la-
beled at either its 50 (gP32-ATP) or 30 (P32pCp) extremity,
gel-purified and incubated for different times in the pres-
ence of RNase J1. In an attempt to get a better snapshot of
the production of processing intermediates progressivelyCell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc. 683
shortened from the 50 end, degradation assays were per-
formed at 0C. This and subsequent experiments were
performed with C-terminal His-tagged RNase J1, which
Figure 2. Kinetic Analysis of RNase J1 Processing of Uni-
formly Labeled +38 16S rRNA Precursor In Vitro
A total of 0.1 pmol RNA was incubated with 0.6 mg native RNase J1 for
the times indicated above the autoradiogram. A control reaction was
performed with the RNase J1 H76A mutant for 60 min at 37C. The mi-
gration position of nonradioactive UMP, revealed by ultraviolet (UV)
shadowing at 254 nm, is indicated to the right of the autoradiogram.684 Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc.behaves identically to the native enzyme. Digestion of the
50-labeled species by RNase J1 resulted in the accumula-
tion of the first nucleotide, UMP (Figure 3A). Digestion of
the 30-labeled species, on the other hand, resulted in
the production of many intermediate species differing in
length by only 1 nt, consistent with exonucleolytic attack
from the 50 end. At longer incubation times the reaction
stalled, presumably due to problemswith enzyme turnover
at 0C.
To provide further evidence in favor of 50-to-30 direction-
ality, we replaced three phosphodiester linkages near the
50 end (between residues 4–7) of the 20 nt synthetic RNA
with phosphorothioate bonds, which have been shown
to significantly slow, albeit not completely inhibit, RNA
cleavage by CPSF-73 (Dominski et al., 2005). Although
this RNA was particularly fragile in the vicinity of the phos-
phorothioate residues, resulting in the production of four
spontaneous breakdown products (that persist despite
two rounds of gel purification), a new band clearly accu-
mulates upon incubation with RNase J1. This product cor-
responds to an arrest of the enzyme 1 nt upstream of the
first phosphorothioate residue (Figure 3B). Very few
smaller species or pCp were produced compared to the
30-labeled unmodified RNA, suggesting that RNase J1
could not progress easily beyond the phosphorothioate
block. These experiments provide a strong indication
that RNase J1 exonucleolytically degrades RNAs in the
50-to-30 direction.
Degradation of Doubly Labeled Pre-16S rRNA
by RNase J1 Begins at the 50 End
Confirmation of a 50-to-30 progression by RNase J1 on
a single RNA substrate came from experiments whereFigure 3. Degradation of a 50-Labeled or 30-Labeled 20 nt Synthetic RNA by RNase J1 at 0C
(A) Degradation of 50-labeled or 30-labeled unmodified RNA. For the times indicated, 0.1–0.5 pmol RNA labeled at either the 50 or 30 end was incubated
with 0.15 mg His-tagged RNase J1 at 0C. The migration position of mononucleotide products (UMP /pCp) is indicated. A control reaction (indicated
by asterisk) was performed with the RNase J1 H76A mutant for 60 min at 0C.
(B) Degradation of 30-labeled phosphorothioate modified RNA. Experimental conditions are as in panel (A). The phosphorothioate-arrested degrada-
tion product is indicated by a black triangle.
the long 16S rRNA +38 precursor was labeled both at its 50
end with gP32-ATP and internally with H3-ATP. Since the
first tritiated A residues lie very close to the 50 end, this ex-
periment was also performed at 0C and later shifted to
37C for two reasons: (1) to allow better resolution of the
liberation of P32 from the 50 end and H3 from the internal
portion of the substrate and (2) to show that the enzyme
was still active. Reactions were precipitated with trichloro-
acetic acid (TCA) and centrifuged, and the release of la-
beled mononucleotides into the supernatant over time
was measured by scintillation counting. Only the P32 label
at the 50 extremity was released at 0C, while tritium was
subsequently released quite efficiently upon shift to
37C, clearly indicating a 50-to-30 progression (Figure 4).
At 9C, tritium release began sooner but was still several
fold slower than the release rate of P32 from the 50 end
(data not shown). We considered the possibility that the
lack of tritium release at 0C was due to the inability of
RNase J1 to open up a relatively stable stem loop struc-
ture 9 nts from the 50 end of the transcript at this temper-
ature. However, deletion of this structure did not result in
an increase in tritium release at 0C (data not shown).
Given the apparently distributive nature of RNase J1 at
0C on the 20 nt RNA substrate shown in Figure 3, an al-
ternative explanation might be an inability of the enzyme
to easily enter into a processive mode at this temperature.
Degradation of 16S rRNA Precursor Fragments
by RNase J1 Is Dependent on the Nature of the 50 End
Primary transcripts in Bacteria bear a 50 triphosphate
group that has been shown to serve a protective role sim-
Figure 4. RNase J1Releases P32 from the 50 End of Doubly La-
beled Pre-16S rRNA before H3 from the Body of the Transcript
A total 0.2 pmol of P32/H3 labeled pre-16S rRNA was incubated with
7.5 mg of C-terminal His-tagged RNase J1 at 0C for the times indi-
cated up to 90 min. The reaction mixture was then shifted to 37C.
Samples were precipitated with TCA, centrifuged, and the amount of
P32 and H3 label released measured by scintillation counting.ilar to the 50 mG-cap structure of eukaryotic mRNAs. To
determine whether the 50-to-30 exoribonuclease activity
of RNase J1 was sensitive to the phosphorylation state
of the 50 end, we prepared short uniformly labeled (aP32-
UTP) 16S rRNA substrates that were either monophos-
phorylated or triphosphorylated at their 50 end. These
RNAs, extending from the +38 intermediary maturation
site to 240 nts into the mature 16S rRNA sequence,
were subjected to degradation by RNase J1 and the yeast
50-to-30 exoribonuclease Xrn1 for comparison. Reactions
were performed at 37C, loaded directly on 20% poly-
acrylamide gels, and the radioactivity in the UMP band
quantified by PhosphorImager. RNase J1 showed a repro-
ducible 3-fold increase in initial velocity with the 50
monophosphorylated substrate compared to the triphos-
phorylated version (Figure 5A), indicating that it is indeed
sensitive to the phosphorylation state of the 50 end. Xrn1
was almost completely inhibited by the 50 triphosphate
group, as documented previously (Stevens and Poole,
1995). It should be noted that RNase J1 is significantly
less active than Xrn1 in these assays, suggesting that it
may require a cofactor for optimal activity.
We also performed similar analyses of short pre-16S
derivatives bearing a 50 hydroxyl group, a 50 mG-cap
structure, and an 18 nt polyG sequence inserted 5 nts
from the 50 end in this analysis, as these features are
known to inhibit Xrn1 activity in yeast. While the 50 hy-
droxyl, the 50 mG-cap structure, and the polyG sequence
all inhibited release of mononucleotides by Xrn1 as ex-
pected (Muhlrad et al., 1994; Stevens, 1980; Stevens,
2001), only the 50 mG-cap had an effect (2-fold) on
RNase J1 at 37C (Figure 5B).
Lastly, we also asked whether the uniformly labeled
short pre-16S substrate could be protected from RNase
J1 activity by hybridizing a complementary oligonucleo-
tide to either extremity. This experiment was based on
the assumption that an exonucleolytic attack from either
the 50 or 30 end would be more efficient if the extremities
were in a single-stranded conformation. The degradation
rate of the short pre-16S substrate hybridized to either
the 50 or 30 oligo was compared to that observed in the ab-
sence of oligo. Hybridization of an oligo to the 50 end of the
precursor transcript caused a clear inhibition of RNase J1
exoribonuclease activity, while the 30 oligo showed no in-
hibition but rather a small stimulatory effect for reasons we
do not yet understand (Figure 6). This experiment sug-
gests that RNase J1 indeed prefers a single-stranded 50
extremity for optimal activity.
Degradation of the 50 End of the cryIIIA mRNA
Is RNase J1-Dependent In Vivo
The existence of a 50-to-30 exoribonuclease in B. subtilis
would explain the well-documented stabilizing effects of
roadblocks such as ribosomes and secondary structures
on mRNAs in this organism. The Bacillus thuringiensis
cryIIIA mRNA provides a good example of the effect of
such 50 mRNA stabilizers in B. subtilis (Agaisse and Lere-
clus, 1996). Although expression of this mRNA begins 558Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc. 685
Figure 5. Degradation of 16S rRNA Precursor Fragments by RNase J1 Is Dependent on the Nature of the 50 End
(A) Kinetic analysis of the degradation of short +38 pre-16S precursor rRNAs bearing 50-triphosphate (50-triP) and 50-monophosphate (50-monoP)
groups by RNase J1 and Xrn1. A total of 0.25 pmol of uniformly labeled (aP32-UTP) was incubated with 0.15 mg C-terminal His-tagged RNase J1
or 0.1 mg native Xrn1 from S. cerevisiae for the times indicated. Control reactions performed with the H76A RNase J1 mutant are indicated with
an asterisk. The migration position of nonradioactive UMP revealed by UV shadowing at 254 nm is indicated to the right of the autoradiogram.
(B) Graph of kinetic analysis of short +38 pre-16S rRNA degradation bearing different 50 groups by RNase J1 and Xrn1. The traces corresponding to
RNAs with 50-hydroxyl (50-OH), 50-mG cap (50-CAP), 50-triphosphate (50-triP), 50-monophosphate (50-monoP) groups or a polyG sequence are indi-
cated in the legend. A total of 0.25 pmol of uniformly labeled was incubated with 0.15 mg C-terminal His-tagged RNase J1 or 0.1 mg native Xrn1.
Data are presented as the average of at least four independent experiments and with the standard error indicated.nt upstream of the cryIIIA initiation codon, the most stable
and abundant transcript in wild-type cells begins at
nt 129 (Agaisse and Lereclus, 1994). The stabilizing ele-
ment is a Shine-Dalgarno sequence (Stab-SD) located686 Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc.near the 50 end of the 129 species. It was proposed
that a 30S ribosomal subunit binds to the Stab-SD and
stabilizes the downstream fragment by somehowprevent-
ing ribonuclease access to this portion of the mRNA. This
Figure 6. RNase J1 Requires a Single-Stranded 50 End for Optimal Efficiency
Kinetic analysis of RNase J1 degradation of the short +38 pre-16S precursor rRNA bearing a 50-monophosphate group hybridized to an oligo com-
plementary to either its 50 or 30 end. A total of 0.25 pmol of uniformly labeled short pre-16S rRNA fragment was prehybridized to 20 pmol (80-fold
excess) of oligonucleotide complementary to either its 50 (CC170) or 30 (CC397) end and incubated with 1.5 mg of C-terminal His-tagged RNase
J1 for the times indicated. The migration position of UMP is indicated.result was best explained by the blocking of 50-to-30 exor-
ibonuclease progression by the 30S ribosomal subunit
bound to the Stab-SD, and, based on the results de-
scribed above, RNase J1 was an ideal candidate for this
activity.
We first showed that the production of the129 species
was RNase J1-dependent in vivo. Plasmid pHT7830, ex-
pressing the entire cryIIIA leader region from its natural
promoter, was transformed into a wild-type strain and
into B. subtilis strain RB530, which expresses RNase J1
under xylose control. Total RNA was isolated from these
strains grown in the presence or absence of 2% xylose
and propagated for 4 hr in stationary phase to allow high
levels of induction of cryIIIA gene (Agaisse and Lereclus,
1994). Because we anticipated that metabolism of xylose
over this long culture period might lead to a reduction in
RNase J1 levels, we also isolated RNA from strain towhich
additional xylose (1%) was added 1 hr before harvesting.
Primer extension analysis using oligo CC400 (Table S1) of
total RNA isolated in the absence of xylose showed that
themajor cryIIIA species under RNase J1 depletion condi-
tions is the relatively low-abundance primary transcript
beginning at nt 558 (Figure 7A). In the presence of
xylose, on the other hand, four shorter cryIIIA RNAs accu-
mulated to high levels, the shortest of which corresponds
to the transcript beginning at nt129. RNase J1 is thus re-
sponsible for the generation of these products. We attri-bute the presence of faint bands in the () xylose lane cor-
responding to those in the (+) xylose lanes to the fact that
RNase J1 depletion is probably incomplete, due to leaki-
ness of the xylose promoter. Although these bands could
correspond to sites of progressive endonucleolytic cleav-
ages in the 50-to-30 orientation, we believe they corre-
spond to sites of 50-to-30 exonuclease arrest exacerbated
by insufficient quantities of RNase J1 (see below). Addition
of further xylose 1 hr before harvesting resulted in a higher
level accumulation of the two shorter products, similar to
those found in the wild-type strain and consistent with in-
creased levels of RNase J1 activity and further progres-
sion along the cryIIIA leader. Under our experimental con-
ditions, we did not see the full conversion of the
intermediate cryIIIA leader species into the 129 product
observed in wild-type cells by Agaisse and Lereclus
(1996).
A Bound 30S Ribosomal Subunit Can Halt
the Progress of RNase J1 along the cryIIIA mRNA
To determine whether a 30S ribosomal subunit could
block progression of RNase J1 as the model envisaged,
we used T7 RNA polymerase to synthesize uniformly la-
beled cryIIIA leader fragments containing a wild-type
(GAAAGGAGG) or mutant (GAAACCCGG) Stab-SD se-
quence. The 30 end of the 318 nt in vitro transcript was
closer to the Stab-SD than the 50 end, allowingCell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc. 687
Figure 7. Role of RNase J1 in Degradation of cryIIIA mRNA
(A) Effect of RNase J1 depletion on cryIIIA mRNA degradation in vivo. Primer extension analysis of RNAs prepared from a wild-type strain (wt) or
a strain expressing RNase J1 under control of a xylose-dependent promoter (Pxyl-rnjA). The presence or absence of plasmid pHT7830 expressing
the cryIIIA leader region is indicated by plus andminus signs, respectively. The presence of xylose in the cultures is also indicated by plus signs, where
‘‘++’’ indicates further addition of xylose 1 hr before harvesting. The migration position of the 30S ribosomal subunit-protected 129 species in
indicated by an arrowhead. A DNA size standard reported in base pairs is in lane M.
(B) Time course of RNase J1 degradation of uniformly labeled (aP32-UTP) cryIIIAmRNA in vitro. The presence or absence of the Stab-SD sequence is
indicated above each autoradiogram. Addition of RNase J1 or 30S ribosomal subunits is indicated by plus signs. Control reactions performedwith the
H76A RNase J1 mutant are indicated with an asterisk. Incubation times are indicated in minutes above the autoradiogram. The migration position of
the 30S ribosomal subunit-protected –129 species in indicated by an arrow head. A DNA size standard is in lane M. The upper autoradiogram shows
samples run on a 5% sequencing gel. The lower autoradiogram shows the mononucleotide portion of the same samples run on a 20% gel. The mi-
gration position of UMP is indicated. (C) Schematic of cryIIIAmRNA degradation by RNase J1. 50 to 30 exonucleolytic attack of the cryIIIAmRNA (wavy
line) results in the production of mononucleotides (small black squares). The position of the Stab-SD and site of translation initiation (SD-AUG) are
indicated. The approximate position of oligonucleotides CC399 and CC400, used to synthesize the template for in vitro transcription are indicated.identification of the products of RNase J1 digestion on the
basis of size. The products were run on 5% polyacryl-
amide gels (Figure 7B, upper) to assay for the production
of 30S-protected species and on 20% gels (Figure 7B,688 Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc.lower) to monitor the production of mononucleotides. Ad-
dition of RNase J1 to the transcript containing the Stab-
SD resulted in exonucleolytic degradation of the RNA, in-
dicated by the generation of mononucleotides. RNase J1
digestion of the same transcript prebound to 30S ribo-
some subunits resulted very reproducibly in the genera-
tion of a band at the expected site for 30S binding,
whereas no band could be seen at this site with the tran-
script lacking the Stab-SD or in assays employing the
RNase J1 H76Amutant (Figure 7B, upper). We could iden-
tify the 30S-protected species as the 30 fragment by virtue
of its size (134 nt). No fragment of complementary size
(184 nt) was observed and, once again, the major product
was mononucleotides, indicating that the 30S-protected
species was generated by 50-to-30 exonucleolytic degra-
dation of the full-length transcript rather than endonucleo-
lytic cleavage. This result suggests that the binding of 30S
ribosomal subunits to the Stab-SD of the cryIIIA mRNA
and the blocking RNase J1 50-to-30 exoribonuclease pro-
gression at nt 129 (Figure 7C) indeed accounts for the
increased stability and abundance of this transcript seen
in vivo.
DISCUSSION
For many years now, scientists studying RNA degradation
in Bacillus subtilis have been faced with reconciling the
observation that obstacles such as ribosomes bound
near the 50 end of mRNA stabilize transcripts for many ki-
lobases downstream with the prevailing view that 50-to-30
exoribonucleases do not exist in Bacteria. To explain this
paradox, we among others have proposed the existence
of decay-initiating endoribonucleases in B. subtilis that
cannot not gain access tomRNAs directly, but rather enter
through the 50 end and scan or track along themRNA look-
ing for suitable cleavage sites (Condon, 2003; Dreyfus and
Joyce, 2002). RNA degradation would then follow the
E. coli model of exonucleolytic degradation in the 30-to-50
direction. The experiments described here would suggest
that RNA degradation in B. subtilis shares more features
with the eukaryotic model than initially appreciated, where
exonucleolytic RNA degradation can also occur from
the 50 end. Depletion of RNase J1 in vivo leads to an accu-
mulation of 16S rRNA precursors with a pattern reminis-
cent of 50-to-30 exonucleolytic degradation. Incubation of
labeled 16S precursor rRNA fragments with RNase J1
in vitro results in the production of mononucleotides that
are released in the 50-to-30 direction. We also show that
blocking the progression of RNase J1 on the cryIIIA
mRNA with a 30S ribosomal subunit can account for the
stabilizing effect of the Stab-SD element previously char-
acterized in vivo.
Several experiments provide convincing evidence that
the 50-to-30 exoribonuclease activity is associated with
RNase J1. First, we can detect exoribonuclease activity
with both the native and His-tagged RNase J1 proteins,
which were purified by radically different approaches in
the first chromatography step (hydroxyapatite versus
Ni-agarose). Second, the peak exoribonuclease activity
of the His-tagged protein preparation applied to a gel-
filtration column coincides precisely with the RNase J1
protein peak (Figure S1). Lastly, the generation of mono-nucleotides by the RNase J1 preparation is completely
abolished by a mutation (H76A) in the predicted active
site of the enzyme.
RNase J1 is a ubiquitous essential enzyme, very highly
conserved throughout the bacterial and archaeal king-
doms (Even et al., 2005). It is also found in plants, where
it is predicted to be localized to the chloroplast. Many of
the low G + C-Gram positive Bacteria have multiple paral-
ogs of the enzyme, further testament to its importance.We
have seen that RNase J2, the nonessential B. subtilis pa-
ralog of RNase J1, also has exoribonuclease activity albeit
weaker than RNase J1 (data not shown). In all, 53% of the
fully sequenced bacterial genomes and 78% of Archaea
possess at least one gene encoding an RNase J1 homo-
log. Thus, degradation of RNAs by a 50-to-30 exoribonu-
cleolytic pathway is, potentially at least, a verywidespread
property of prokaryotes.
RNase J1 is a relatively large protein (555 amino acids)
that contains an N-terminal metallo-b-lactamase domain,
interrupted by the so-called b-CASP domain (Callebaut
et al., 2002) and aC-terminal domain of unknown function.
The H76A point mutation in the active site of the b-lacta-
mase domain has the same effect on 16S rRNAmaturation
as depletion of the entire enzyme (Britton et al., 2007), and
the in vitro data presented here confirm that the b-lacta-
mase domain is responsible for the 50-to-30 exoribonu-
clease activity. RNase J1 has also previously been shown
to have endonucleolytic activity on the thrS leader mRNA,
demonstrated by the simultaneous detection of the 50 and
30 cleavage fragments in vitro (Even et al., 2005). This begs
the question as to why we did not detect significant endo-
nuclease activity here. Since little is yet known about the
endonucleolytic cleavage specificity of RNase J1, the sim-
plest explanation would be that high-affinity internal entry
sites are not present in 16S rRNA or the cryIIIAmRNA and
that 50-to-30 exonuclease activity occurs as the default
pathway in this case. A second possibility is that endonu-
clease activity occurs throughmodulation of the activity of
RNase J1, either through its b-lactamase domain, as oc-
curs in the Artemis DNase (Ma et al., 2002), or though its
C-terminal domain. A switching from exo- to endonucleo-
lytic activity could be promoted by the binding of another
partner or by covalent modification of the enzyme; both
scenarios have been considered in the switching of
Artemis function. It will be very interesting therefore to
establish whether a particular RNA is initially attacked
endonucleolytically or exonucleolytically is determined
by a cis-acting property of the RNA or is imparted by a
trans-acting factor.
The association of an endoribonuclease and exoribo-
nuclease activity, in this case in a single RNase J1 poly-
peptide, may be functionally analogous to the E. coli de-
gradosome, where an endoribonuclease (RNase E) and
exoribonuclease (PNPase) are associated in amultiprotein
complex (Carpousis et al., 1994). Cleavage of RNAs by the
RNase E generates substrates for 30-to-50 degradation by
PNPase (Khemici and Carpousis, 2004). It is possible that
RNase J1 endonuclease activity generates products thatCell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc. 689
are then substrates for its own 50-to-30 exonuclease activ-
ity. Because of the enzyme’s preference for 50 monophos-
phorylated substrates, we would predict that cleaved
RNAs, whether by RNase J1 or another B. subtilis endor-
ibonuclease, would be preferentially attacked ahead of 50
triphosphorylated primary transcripts.
RNase J1 degrades the body of 16S rRNA, a highly
structured RNA, almost completely to mononucleotides
with the accumulation of very few processing intermedi-
ates. This would suggest that RNase J1 is a processive
exoribonuclease (although we cannot rule out that com-
plete degradation of 16S rRNA occurs though a combina-
tion of endo- and exoribonuclease activity). On the other
hand, processing intermediates were detected by primer
extension assay at the 50 end of the 16S precursor tran-
script and with the short 20 nt RNA substrate assayed at
0C, more consistent with a distributive behavior. This ap-
parent paradox could be explained by a model in which
RNase J1 behaves distributively as it initially attacks amol-
ecule but that at some point switches into a more proces-
sive mode of degradation. Our data would suggest that
such a switch does not occur efficiently at 0C. The fact
that RNase J1 does not release significant quantities of
end products in the 2–5 nt range like the 30-to-50 exonucle-
ases of E. colimay also provide an explanation for why this
organism does not require an oligoribonuclease homolog.
Wewere initially surprised at the lack of a major effect of
the polyG sequence and 50 mG-cap on RNase J1 activity.
However, given the fact that RNase J1 and Xrn1 are unre-
lated enzymes, there is no a priori reason that RNase J1
should show similar levels of sensitivity to polyG. Even
the related 30-to-50 exoribonucleases RNase II and RNase
R show dramatic differences in their ability to degrade
secondary structures (Cheng andDeutscher, 2002), which
will presumably one day be attributed to a domain present
in RNase R (and lacking in RNase II) that increases its
processivity. It is therefore possible that the auxiliary do-
mains to the catalytic b-lactamase core of RNase J1 pro-
vide an intrinsic ‘‘helicase-like’’ function that allows the en-
zyme to degrade highly structured RNA, such as polyG
sequences and rRNA. The poor sensitivity to the 50-cap
structure, on the other hand, might be explained by the
fact that RNase J1 also has endonuclease activity. It
may therefore be able to clip off the cap structure and
thereafter degrade exonucleolytically. Interestingly,
a cap-independent 50-to-30 exoribonuclease has previ-
ously been described in Trypanosome cell extracts
(Huang and Van der Ploeg, 1988).
There are many mRNAs in B. subtiliswhose stability has
been linked to roadblocks, such as stalled ribosomes,
bound proteins, and stable secondary structures near
the 50 end. The stability of the S. aureus ermA and ermC
mRNAs is increased several-fold upon erythromycin-in-
duced ribosome stalling at particular peptide sequences
(Bechhofer and Dubnau, 1987; Shivakumar et al., 1980);
the glpD mRNA is thought to be stabilized by the binding
of GlpP protein near the 50 end (Glatz et al., 1996), and
the long half-life of the aprE mRNA is associated with a690 Cell 129, 681–692, May 18, 2007 ª2007 Elsevier Inc.stable 50 stem loop and a strong ribosome-binding site
(Hambraeus et al., 2002). It will be interesting to see
whether the stability of these different RNAs can also be
explained by inhibition of the 50-to-30 exoribonuclease
activity of RNase J1.
Our unpublished results and evidence from Even et al.
would suggest that RNase J1 plays a major role in govern-
ing global messenger RNA stability in B. subtilis (Even
et al., 2005). The observation that RNase J1 has 50-to-30
exoribonuclease activity will therefore have a significant
impact on the design of future experiments onmRNA deg-
radation in B. subtilis and in other Bacteria and organelles
containing RNase J1 homologs. Up to now, the wide-
spread view that such an activity did not exist in Bacteria
has led to a focusing of efforts toward the search for can-
didate endonucleases and 30-to-50 exonucleases and dis-
couraged the testing of an implication for exoribonu-
cleases operating with a reverse polarity, even in cases
where this was the simplest explanation for the results
observed.
EXPERIMENTAL PROCEDURES
Strains
RNase J1 depletion studies were performed in strains CCB034
(Pspac-ykqC mls, pMAP65 km) and RB530 (amyE::pCT1[Pxyl-YkqC]
Cm ykqC::spc) by growth in the absence of IPTG or xylose, respec-
tively, as described (Britton et al., 2007). Plasmid pHT7830, containing
the cryIIIA leader (Agaisse and Lereclus, 1994), was a kind gift from
Didier Lereclus.
Primer-Extension Assays
Primer-extension assays were performed both on RNA isolated from
cells depleted for RNase J1 in vivo or on in vitro transcribed RNAs. To-
tal cellular RNA was isolated by Qiagen Midiprep kit according to the
manufacturer’s instructions. A total of 0.5 pmol of 50-labeled (32P) oligo
CC058 (Table S1) was added to 5 mg of RNA in 5 ml final volume reverse
transcriptase (RT) buffer (50 mM Tris-HCl at pH 8.3, 10 mM MgCl2, 80
mM KCl) and denatured at 75C for 5 min. CC058 hybridizes to nt 20–
39 of mature 16S rRNA. The denatured mixture was frozen in a dry ice/
ethanol bath for 2 min before being transferred to ice. A 5.2 ml mix of 2
mM each dNTP, 8 mM dithiothreitol (DTT), four units avian myeloblas-
tosis virus reverse transcriptase in RT buffer was then added. Reaction
mixtures were incubated for 30 min at 45C; stopped with 5 ml 95%
formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xy-
lene cyanol; and loaded on 5% sequencing gels.
In vitro transcribed RNAs subjected to RNase J1 processing assays
were phenol extracted, ethanol precipitated, and resuspended in 5 ml
final volume RT buffer containing 0.5 pmol of 50-labeled (32P) oligo
CC058. The subsequent steps were the same as for RNAs isolated
in vivo outlined above.
In Vitro Transcription and Substrate Labeling
The templates for the full-length and short +38 16S rRNA precursors
were synthesized by PCR using oligo pairs CC169/CC171 and
CC169/CC170, respectively. The polyG-containing version of the short
+38 pre-16S rRNA was synthesized using the oligo pair CC396/
CC170. The upper oligos had an integrated T7 RNA polymerase pro-
moter sequence in each case. The template for the cryIIIA Stab-SD
containing transcript was synthesized by PCR using the oligo pair
CC399/CC400. CC399 had an integrated T7 RNA polymerase pro-
moter sequence. The template lacking the Stab-SD was synthesized
in a two-step reaction: first with oligo pairs CC399/CC403 and
CC402/CC400. Sixty nanograms of the products of these two PCR re-
actions were then mixed and amplified using the oligo pair CC399/
CC400. Nonradioactive and uniformly labeled transcripts were synthe-
sized according to the manufacturer’s instructions (Ambion or Prom-
ega). 50 labeling of nonradioactive transcripts was performed with
polynucleotide kinase (Biolabs) and gP32-ATP (GE-Amersham). 30 la-
beling was performed with RNA ligase (Biolabs) and P32-pCp (GE-
Amersham) for 6 hr at 18C in the presence of 10%DMSO. RNAs bear-
ing 50-monophosphate, 50-hydroxyl, or 50-CAP groups were obtained
by adding 8-fold excess of GMP, guanosine, or cap analog (Ambion),
respectively, over the other nucleotides to the in vitro transcription
reaction. Unincorporated nucleotides were removed using G50 spin
columns (GE-Amersham).
Purification of Enzymes
Native B. subtilis RNase J1 was overexpressed from BL21 CodonPlus
cells containing plasmid pET28-YkqC (strain CCB112) (Britton et al.,
2007). The enzyme was purified as described in Even et al. (2005) with-
out the ribosomewash step and concentrated to 5.9mg/ml. C-terminal
His-taggedwild-typeRNaseJ1wasoverexpressed inBL21CodonPlus
cells containing plasmid pET28BsubYkqCHis (strain CCE093) and pu-
rifiedonCobalt Talon resin according to themanufacturer’s (Clonetech)
instructions. TheH76Amutant enzymewaspurified in an identicalman-
ner from BL21 CodonPlus cells containing plasmid pET28BsubYkq-
C(H76A)His (strain CCE129). The peak fractions of both wild-type and
mutant proteins were pooled, dialyzed against 50 mM sodium phos-
phate buffer at pH 7.0 containing 300 mM NaCl and 10% glycerol,
loaded on a 5 ml HiTrap Heparin column, and eluted with a gradient
from 300mM to 1.5MNaCl in the same buffer. The peak fraction eluted
at 600 mM NaCl and was dialyzed against 50 mM sodium phosphate
buffer at pH 7.0 containing 300 mM NaCl and 25% glycerol. Typical
concentrations were in the range of 1.5–2 mg/ml.
Native S. cerevisiae Xrn1 was purified from the haploid protease-
deficient yeast strain C131BYS86/pRDK249 grown in HC-Ura medium
containing the nonfermentable carbon sources lactic acid (2%) and
glycerol (3%) and collected 16 hr after the addition of 2% galactose.
Plasmid pRDK249 was a kind gift from A.W. Johnson (Johnson and
Kolodner, 1991). A total of 6.5 g of cells were resuspended in 20 ml
Buffer A (20 mM Tris-HCl at pH 7.5, 0.5 mM DTT, 1 mM EDTA,
0.1 mM PMSF, 10% glycerol) containing 150 mM NaCl, one EDTA-
free anti-protease cocktail tablet (Roche), and 5 mg/ml DNase I. Cells
were lysed by French Press (2 passages at 20,000 psi) and centrifuged
at 10,000 rpm in an SS34 rotor (Sorvall) for 30 min at 4C. The super-
natant was loaded on an 8 ml DE52 (Whatman) column equilibrated in
Buffer A containing 150 mM NaCl. The flow-through fraction was ap-
plied to a 5 ml Heparin Hi-Trap column (GE Healthcare) also equili-
brated in Buffer A containing 150 mM NaCl. The column was washed
in Buffer A containing 300 mM NaCl and eluted with a linear gradient
from 300 mM to 1 M NaCl. Xrn1 activity for this and all subsequent
steps was followed by enzyme assay as described below, and peak
activity was around 550 mM NaCl. Peak fractions were pooled, dia-
lyzed against Buffer A containing 100 mM NaCl, and loaded on
a MonoQ (5/5) column (GE Healthcare) equilibrated in the same buffer.
The peak of Xrn1 activity was at 350 mM in a 50–700 mM NaCl gradi-
ent. The peak fractions were pooled and loaded on a Superdex 200
(10/30) column (GE Healthcare) equilibrated in Buffer A containing
250 mM NaCl. Peak fractions were concentrated to 0.2 mg/ml using
an Amicon Ultra-4 filter (30 kDa).
Gel-Based Exoribonuclease Assays
RNase J1 was assayed in 5 ml reaction volume containing 20 mM Tris-
HCl at pH 8, 8 mM MgCl2, 100 mM NH4Cl, 0.1 mM DTT. The amounts
of enzyme varied from 0.06 to 6 mg, and the amount of substrate varied
from 0.25 pmol to 2.5 pmol, as indicated. Reactions were incubated at
37C for times indicated, stopped by addition of 5 ml 95% formamide,
20mMEDTA, 0.05%bromophenol blue, and 0.05% xylene cyanol and
loaded on 20% polyacrylamide/7M urea gels.Xrn1 was assayed in 30 mM Tris-HCl at pH 8, 2 mM MgCl2, 50 mM
NH4Cl, 0.5 mM DTT, 20 mg/ml acetylated bovine serum albumin (BSA).
The amounts of enzyme varied from 0.002 to 0.2 mg, and the amount of
substrate varied from 0.25 pmol to 2.5 pmol, as indicated. Reactions
were incubated at 37C for times indicated, stopped and assayed as
for RNase J1.
TCA-Based Exoribonuclease Assays
A total of 7.5 mg C-terminal His-tagged RNase J1 was assayed in 60 ml
reaction volume containing 0.2 pmol RNA in the same buffer as de-
scribed above. Reactions were incubated at the temperature indicated
and for the times shown and stopped by addition of 60 ml ice-cold 7%
w/v TCA containing 100 mg/ml acetylated BSA and allowed to stand on
ice for 10 min. Reactions were centrifuged in a refrigerated bench top
centrifuge (Eppendorf) at 13,200 rpm for 10min at 4C. Fortymicroliters
of supernatant was removed to 2 ml scintillation fluid, vortexed, and
counted for 5 min in a scintillation counter (Packard Model Tri-Carb
2100TR). The H3 channel was 1–18 keV, and the P32 channel was 18–
2000 keV. Tritium values were corrected for a 1.6% contamination of
the H3 channel by P32, determined by calibration of the counter.
Ribosomal Subunit (30S) Protection Assay
Five nanomoles of cryIIIA transcript was mixed with 500 nM B. subtilis
30S ribosomal subunits isolated from an RNase J1-depleted strain as
described in Britton et al. (2007) in 4 ml RNase J1 reaction buffer. Sub-
units were allowed to bind for 10 min at 37C, followed by 10 min on
ice. A total of 1.8 mg (1 ml) RNase J1 was added to start the reaction.
Reactions were incubated at 25C for 10 min, stopped as above,
and loaded directly onto 5% or 20% polyacrylamide gels.
Supplemental Data
Supplemental Data include one table and one figure and can be found
with this article online at http://www.cell.com/cgi/content/full/129/4/
681/DC1/.
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